INTRODUCTION
Microtubules (MTs) are major structural components of the plant cytoskeleton that are composed of α-tubulin/β-tubulin heterodimer subunits and are intricately involved in cell division, morphology, and intracellular organization and transport. The ability of the MT cytoskeleton to fulfill its versatile cellular functions relies on its intrinsically dynamic polymer properties. Individual MTs alternate between phases of growth and shrinkage by rapidly attaching and removing tubulin subunits at their ends. These cycles of polymerization and depolymerization, which continuously reorganize the MT cytoskeleton, are sometimes interrupted by pauses in which neither growth nor shrinkage occurs (Desai and Mitchison, 1997) . Numerous proteins regulate the dynamic equilibrium between tubulin subunits and assembled microtubules, and facilitate interactions between two neighboring MTs and between MTs and other cellular components (Mandelkow and Mandelkow, 1995; Maiato et al., 2004) . These MT regulators organize diverse MT arrays, transporting organelles to subcellular compartments, and scaffolding the proteins that function in signal transduction events.
In this paper, we define such MT regulators as MT-associated proteins (MAPs) although this terminology classically referred to proteins that co-purify with MTs from cell extracts (Lloyd and Hussey, 2001 ).
To date, several dozen plant MT regulators have been identified using three distinct strategies (Hamada, 2007; Sedbrook and Kaloriti, 2008) . First, since some MAPs exhibit conserved amino acid sequences, plant homologues of animal and fungal MAPs have been identified by bioinformatic searches (Gardiner and Marc, 2003) .
Second, genetic screens for Arabidopsis mutants altered in anisotropic growth or sensitivity to MT-interacting drugs have revealed various proteins required for MT 7 organization and stability, some of which are only present in plants (Ishida et al., 2007) .
Third, MAPs were purified from crude plant cell extracts, based on their ability to bind MTs. MTs in cell extracts polymerize in the presence of the MT stabilizer, taxol, and depolymerize upon drug washout under MT-destabilizing conditions, such as high concentrations of salt and calcium and a low temperature. Repeated polymerization/depolymerization cycles highly enrich for cytoplasmic proteins that bind
MTs directly or indirectly.
It is often challenging to purify tubulins and co-purify MAPs in sufficient quantity and quality from plant sources, largely due to the presence of the cell wall and large central vacuoles. Evacuolated, cytoplasm-rich mini-protoplasts prepared from cultured Nicotiana tabacum (tobacco) cells contain sufficiently high concentrations of endogenous tubulins for taxol-induced polymerization, and have been successfully used to isolate major tobacco MAPs, such as MAP65 (Chang-Jie and Sonobe, 1993) , MAP190 (Igarashi et al., 2000) , and MAP200, a tobacco homologue of Arabidopsis MICROTUBULE ORGANIZATION 1 (MOR1) (Hamada et al., 2004) . Fifty-five proteins, including kinesins, MAP65 isoforms, MOR1, and MAP70 were identified from a MAP-enriched preparation made from Arabidopsis protoplasts and analyzed by liquid chromatography tandem-mass spectrometry (LC-MS/MS) (Korolev et al., 2005) .
In this study, we purified MAP-containing fractions from evacuolated mini-protoplasts derived from Arabidopsis cell suspension cultures. We identified 727
proteins, including dozens of previously uncharacterized proteins and numerous established Arabidopsis kinesins and MAPs, using LC-MS/MS. Subsequent subcellular localization assays identified six of these proteins as novel Arabidopsis
MAPs. The Arabidopsis MAP proteome dataset reported in this work will be valuable (Table S1 ). These proteins may have weak or negligible MT binding activities under our MAP enrichment conditions. Alternatively, these proteins might have been absent in our crude cytoplasmic preparation from suspension-cultured cells.
In the MAP preparations, we identified 23 proteins belonging to kinesin subfamilies 4, 5, 7, 13, and 14, and to the plant-specific kinesin subfamily (Zhu and Dixit, 2012) ( Table   2 ). Kinesins belonging to subfamily 12 are proposed to recruit Arabidopsis Fused kinase TWO-IN-ONE (TIO) to the phragmoplast midzone (Oh et al., 2012) .
Enrichment of TIO in MAP Preparation 2, despite the absence of subfamily 12 kinesins (Table S1 , Table 2 ), implies that TIO might possess an intrinsic affinity for MTs.
To classify other identified proteins on a functional basis, we characterized the comprehensive dataset according to the Gene Ontology annotations (ftp://ftp.arabidopsis.org/home/tair/Ontologies/Gene_Ontology/), followed by additional manual data mining of recently published work ( Figure 1D ). Proteins with emPAI scores of higher than 0.3 in either MAP Preparation 1 or 2 (a total of 298 proteins) were subjected to the following analysis. Tubulins, MAPs, MT regulators, and kinesins (Shpetner and Vallee, 1989; Obar et al., 1990; Hamada et al., 2006) , and an Arabidopsis phragmoplastin-like protein was associated with MTs when expressed in tobacco cells (Hong et al., 2003b) . Indeed, our MAP Preparation 1 contained seven Arabidopsis dynamins of the dynamin and phragmoplastin subclasses, with high emPAI scores (Table S1 ). These Arabidopsis dynamins appear to function in cell plate formation during cytokinesis, but their interactions with phragmoplast MTs remain to be fully characterized (Konopka et al., 2006) .
Furthermore, we identified proteins associated with organelles, endomembranes, and vesicle trafficking (Table S1 ). Interestingly, 12 of the identified enzymes (4.0%) are involved in the metabolism of peroxisomes. Many of these peroxisomal proteins were recovered in MAP Preparation 2, which presumably retained proteins with lower affinities for MTs than those purified in Preparation 1. These peroxisomal proteins might possess MT-binding activities in addition to their well-characterized enzymatic activities, as demonstrated for the Arabidopsis peroxisomal multifunctional protein (Chuong et al., 2005) . Alternatively, the outer membrane of peroxisomes might bind to MTs, resulting in partial co-sedimentation of some peroxisomes with MTs during purification. Although actin filaments support the long-distance transport of peroxisomes in plant cells, these motile organelles were frequently observed to pause at cortical MTs (Chuong et al., 2005; Hamada et al., 2012) .
In humans, the evolutionarily conserved peroxin 14 is not only a central component of the peroxisomal protein translocation machinery, but is also required for peroxisome 1 3 motility, serving as a membrane anchor for MTs (Bharti et al., 2011) .
Identification of novel Arabidopsis MAPs
The MAP-enriched preparations contained several dozen proteins (56 proteins with emPAI scores of higher than 0.3) with functions that had not been characterized and could not be deduced from their primary structures (Table S5 ). We selected 12 such proteins that appeared to be highly enriched in the MAP preparations, and transiently expressed them as N-or C-terminal fusions to green fluorescent protein (GFP) by particle bombardment in the pavement cells of Arabidopsis leaves (Table 3 ; Figure S1 ).
Of the 12 MAP candidates, six labeled cortical filamentous structures, which appeared to be cortical MT arrays ( Figure 2 ). The At5g16730-encoded protein contained a spectrin/α-actinin domain (IPR018159) and a DUF827 domain of unknown functions, whereas the proteins encoded by At1g14380 and At1g19870 are, respectively, annotated as IQD28 and IQD32, which contain IQ calmodulin-binding regions (Abel et al., 2005) .
Interestingly, two other IQD proteins, IQD29 (At2g02790) and IQD31 (At1g74690), are also highly enriched in our MAP preparations (Table S1) somewhat, possibly reflecting varying expression levels of the GFP fusions, ranging from dotted particles along the filaments (At5g57410) to bright, probably bundled, filaments (At5g16730 and BPP1). The remaining six proteins tested were broadly cytoplasmic, or localized in patterns that did not resemble MTs (data not shown).
We further characterized the cellular localization of these six putative 
Characterization of BPP-family MAPs
BPP1, a 64-kD protein rich in proline (11.2%) and basic amino acids (15.0%), belongs to a protein family that has seven members in Arabidopsis ( Figure S2 ). BPP1, BPP2
(At3g09000), and BPP3 (At5g01280) form a subclade that, in addition to the basic region, contains three conserved motifs ( Figure S2 ). The basic regions of BPPs contain no or few acidic amino acids, and have average pI values of higher than 12.9.
A related Arabidopsis protein in the BPP1 clade (At2g38160; designated as BPP4) is 1 5
truncated at the C-terminal region, is less basic than the other BPP members, and lacks one of the three motifs ( Figure S2 ). Although BPP2 and BPP3 were not identified with confidence in the MAP preparations, peptide fragments of BPP2 are present in the MAP preparations (emPAI score of 0.07 in Preparation 1; Table S1 ). Indeed, when BPP2-GFP was transiently expressed in onion epidermal cells, the fusion protein labeled cortical MT-like structures ( Figure 3B ). When the internal basic region of BPP1 was deleted and expressed transiently as a GFP fusion in onion epidermal cells together with tagRFP-MAP4, the truncated protein was mostly localized to the cytoplasm ( Figure 4 ; see also Figure S3 ). In contrast, the isolated basic region fused to GFP showed robust localization on cortical MTs. Thus, the highly basic regions of BPPs are mainly responsible for MT binding activity. In vitro MT binding assays will demonstrate whether BPP1-family proteins directly bind MTs.
Next, we stably expressed BPP1-GFP under the control of BPP1 regulatory elements in Arabidopsis plants ( Figure 3C ). Cortical MT arrays were decorated with BPP1-GFP in the epidermal cells of leaves, hypocotyls, and roots. Mitotic MT structures, such as preprophase bands, spindle MTs, and phragmoplasts, were also labeled. Expression of the β-glucuronidase reporter driven by the BPP1 promoter indicated that BPP1 is expressed at basal levels in many cell types, with stronger expression in meristematic regions and vasculature, and during early trichome development ( Figure S4 ). concentration of 20 μM, and incubated at 30°C for 8 min to polymerize the endogenous tubulin. MTs were collected by centrifugation at 23,000 x g for 10 min, were suspended in cold depolymerization buffer containing 20 mM PIPES-KOH (pH 7.0), 0.4 M NaCl (or 0.15 M NaCl, where specified), 1 mM MgCl 2 , 1 mM CaCl 2 , 1/10x protetase inhibitor cocktail complete (Roche), 1 mM PMSF, and 1 mM DTT, and were kept on ice for 20 min. MAPs and tubulin were recovered in the supernatant after centrifugation at 250,000 x g for 5 min at 2°C, were diluted with four volumes of the extraction buffer, and further purified by a second cycle of MT polymerization/depolymerization using the procedure described above. The purified MAP fractions and the crude cell extracts were applied to an anion exchange column (Hi-trap Q; GE Healthcare), and were eluted with a linear NaCl gradient from 0 to 1 M.
To evaluate protein profiles, aliquots of the eluted protein fractions were separated by SDS-PAGE on 7.5% acrylamide gels, and stained with CBB.
Mass spectrometry
Protein fractions, eluted from the anion exchange column were dialyzed, either individually or combined, against a buffer containing 20 mM ammonium bicarbonate 
Transient expression in onion and Arabidopsis cells
Plasmids harboring a candidate MAP (2 μg) and the tagRFP-MAP4 MT marker plasmid (2 μg) were mixed with 1.5 mg of 1.6-μm gold particles suspended in 19.2% glycerol, 962 mM CaCl 2 , and 1.5% spermidine for 30 min at room temperature, washed sequentially with 70% EtOH and 100% EtOH, and then co-bombarded into leaf Universität Tűbingen), and inserted after the tagRFP sequence in pHSG399 (Takara Bio, Otsu, Japan). The tagRFP-MAP4 fragment was then inserted between the 35S promoter and the NOS terminator of a pUC19 derivative, into which two extra restriction sites (Asc I and Not I) were added at the multiple cloning site.
A BPP1ΔB construct, in which the conserved basic region (aa152-aa372) was Microtubules were analyzed with a Nikon C2 confocal microscope (Nikon) as described above, as a stack of images at 1-μm intervals through the Z-axis.
RT-PCR analysis
Total RNA was extracted using an RNeasy Plant Mini kit (Qiagen), and first-strand cDNA was synthesized with SuperScript II reverse transcriptase (Life Technologies).
BPP1 was amplified by PCR using the primer pairs 5'-GTACGCCTCTATTTCCATCG and 5'-GTTGATGATCTTCCAGTGGG for the analysis of bpp1 mutants and BPP1-GFP overexpression lines, and 5'-CTCTGTTCCTGCGGTTAATC and 5'-TCTCCCTTGTAAGCTTGCAG for the analysis of bpp1 mutants. ACT8 cDNA was amplified using the primers 5'-GCAGCATGAAGATTAAGGTCG and 5'-GAAAGAAATGTGATCCCGTC.
PCR reactions were performed under the standard conditions of 20 cycles for the analysis of BPP1-GFP overexpression lines and 23 cycles for the analysis of bpp1 mutants.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article. The angle perpendicular to the long axis of a cell was set as zero degrees. In GFP-TUB6, there was no MT distribution peak, whereas the average MT angles (± standard deviation) were 4.1 (±18.0) in BPP-GFP OE #1 and 9.1 (±14.6) in BPP-GFP OE #2. A total of 225 MTs were analyzed in 15 cells for each line. D, Effects of oryzalin on cortical MTs. Arabidopsis seedlings (GFP-TUB6 and BPP1-GFP OE) were treated with DMSO or 5 μM oryzalin for 30 min, and cortical MTs in hypocotyl epidermal cells were analyzed. Bar, 10 μm.
